Considering the braking-by-wire characteristic of the electric vehicle, the prediction regenerative braking control strategy is proposed. The Hidden Markov Model is used to predict the braking intention, and different regenerative braking control strategies are designed according to the braking intention. The vehicle braking type is divided into three types according to the emergency degree. The vehicle dynamics model is built, and five typical driving cycles are simulated to validate the braking performance and evaluate the energy recovery efficient. The simulation results show both the braking performance and energy recovery efficient are improved, e.g. As for the braking velocity of 100km/h under the driving cycle of SC03, the braking distance is shorted 0.23m under the emergency situation, while the energy recovery is increased 0.302kwh per 100km.
Introduction
The braking intention can be predictable according to the driver's operation and vehicle state [1] . For example, the next state of the vehicle may turn to brake under a certain probability when the travel of the acceleration pedal is zero (%) during the driving process. As for the electric vehicles, many algorithms were to optimize the distribution between the electric braking and the hydraulic braking. e.g. Li and Zhang had researched the optimization of the efficiency of energy recovery for regenerative braking system based on the model predictive control [2] . Cao X, Ishikawa T adopted the fuzzy control to distribute the braking force between the electric braking force and the hydraulic braking force [3] . Lv and Zhang researched the stability of the regenerative braking system in various road adhesion with the combination of ABS [4, 5] . Above all, the algorithms are researched based on the ideal driver model. As for a real driver it is impossible to press the brake pedal without time delay. However, we can assist to reduce the delay time with the braking-by-wire characteristic of the EV, the output of electric braking torque do not have to combine with the brake pedal. According to this, researchers who are mainly focus on the distribution of the electric and hydraulic braking torque to optimize the efficiency of energy recovery, braking stability and security, obviously, the braking process is power-interruption in real braking progress during the driver's reaction time [6] . Take the driver's reaction time and the braking-by-wire characteristic of EV into consideration, the regenerative braking control is proposed in this paper. The efficiency of energy recovery and the performance of the braking system are analyzed. Conventional regenerative braking control Figure 1 . The assistance algorithm flow This paper is divided into two parts, the offline part and the online part. The offline part is to train the HMM with the offline dataset, the output of the HMM is the prediction brake type. The training is ended when the validation condition is satisfied, and the dataset will be re-selected to regenerate the training dataset and test dataset when the validation is not satisfy. The online part is used to realize the regenerative braking control according to the prediction results of HMM.
THE BRAKING INTENTION PREDICTION
The HMM is trained to predict the braking intention, the express as follow [7, 8] :
Where the N is the number of the hidden state, M is the number of the observation state, A is the confusion matrix, B is the transfer matrix of the hidden states,  is the random initial vector of hidden state. 
The trained transfer matrix is B: The results of the HMM are shown in figure 2 , the probability result of test dataset is shown in figure 2 -(a), the maximize probability sate in every test sequence is shown in figure 2 -(b). The prediction precision is shown in figure 2 -(c).Three real states points are out of the prediction. The results indicate that the relative error exists under the prediction of HMM, which may be improved with more data in future.
REGENERATIVE BRAKING CONTROL DESIGN

The analysis of braking process
The conventional braking process can be divided into four parts as the figure 3 shows. Part I is the reaction time of driver in time of t0, part II is the empty stroke of the brake pedal in time of t1, and part III is the generation of the hydraulic braking force in time of t2. The trigged moment of the physic signal is in t2 as well, the last part is the braking of constant braking force in time of t3. The total time of the braking process is the time of t4. Obviously, the braking process is powerinterrupt because the time delay exists between the braking demand moment (p0) and the braking response moment (p1). 
The design of prediction braking torque
After the determination of the available maximize electric braking torque, the output of regenerative braking torque is designed as follow, which are mainly according to the reaction time of the driver under different braking type Figure 4 . The design of electric braking torque during the driver's reaction time: (a) emergency-brake, (b) medium-brake, (c) slow-brake The figure 4 (a) indicates the design for emergencybrake. Under this situation, the main intention of the driver is to stop the car as fast as possible for avoiding collision or reducing damage. The comfort can be ignored, comparing with the security during this braking process, the output torque designed as follow shows:
Where, Tmmax is the available maximize electric braking torque, te0 is the driver's reaction time.
The figure 4 (b) indicates the design for mediumbrake. Under this situation, the main intention of the driver is to stop the car slowly, and it often indicates the braking distance is enough and the comfort of the braking process should take into consideration, the output torque designed as follow shows:
The figure 4 (c) indicates the design for slow-brake. Under this situation, the main intention of the driver is smoothly to slow down the velocity. Instead of stopping the car immediately, usually the driver wants the car to slide a distance in a lower speed under this situation.
The comfort is more important during the braking process, the output torque designed as follow shows: The vehicle parameters is shown in table 1. The braking system of the vehicle shows in figure 5 . MCU is the motor control unit, Tmr is the electric braking torque of rear-shaft, Thr is the hydraulic braking torque of rearshaft and Thf is the hydraulic braking torque of frontshaft. With the proportion coefficient (β), the braking force is distributed to rear-shaft and front-shaft. The braking of rear-shaft is the typical series-type braking system, and the braking torque of front-shaft is the conventional hydraulic braking system.
SIMULATION DRIVING CYCLE
To evaluate the contribution of braking energy recovery under the use of prediction regenerative braking control, five typical driving cycles are selected to analyze the energy recovery, namely, NEDC, FTP75, US06, SC03 and JC08. The braking features of these driving cycles are shown in table 2. In table 2, s is the mileage of the driving cycle, amax is the maximize deceleration, z is the equivalent Paper ID: ICEEE2018-160 5 maximize braking severity and the NUM is the braking times of the driving cycle. The increased amount of braking energy recovery of per 100km can be calculated for each driving cycle.
SIMULATION RESULTS AND ANALYSIS
With the simulation of the regenerative braking control, the results are shown in table 3. In table 3 △s is the shorten value of braking distance, △T is the shorten value of braking time, △E is the increased value of braking energy recovery, △a is the increased value of average braking deceleration and Ts is the driver's reaction time. It shows that the distance of emergency braking can be maximum shorted 0.232m under the initial braking velocity of 100km/h. The distance of emergency braking can be shorted 0.283m under the initial braking velocity of 20km/h. The braking distances are different because that the available electric braking torque is limited by the external characteristic of motor, the higher the speed is, the smaller the available electric braking torque. The shorted distance of different braking type is different under the same initial braking velocity due to the different reaction time Ts. According to table 2 the increased amount of braking energy recovery ( E  ) to different initial braking velocity can be fitted according to function (7) .
Where  Ecycle is the increased amount of braking energy recovery of per 100km for the special driving cycle, Scycle is the mileage of each driving cycle which could get from table 1, m1 is the number of s-brake, m2 is the number of m-brake and m3 is the number of ebrake related to the driving cycle.
The increased amount of braking energy recovery for each driving cycle according to equation (8) is shown in figure 6 . With the control of non-interrupt regenerative braking, the increased amount of energy recovery is 0.302kWh per 100km for SC03 driving cycle, 0.289kWh per 100km for JC08 driving cycle, 0.276kWh per 100km for FTP75 driving cycle, 0.200kWh per 100km for US06 driving cycle and 0.064kWh per 100km for NEDC driving cycle. The increased amount of energy recovery in SC03 is the largest, the mainly reason is that the equivalent braking times in every kilometer is the largest. The increased amount of NEDC driving cycle is the least for the minimal equivalent braking times in every kilometer as well. 
